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Accumulators for the Capture of Heavy Metals in
Thermal Conversion Systems
Pierre-Marie Nigay1; Ange Nzihou2; Claire E. White3; and Winston O. Soboyejo4
Abstract:Aclayceramicwithorganicadditives(biomassandbiochar)wasinvestigatedforthedevelopmentofhighlyporousaccumulators
to capture heavymetals in thermal conversion systems.The structurewas characterizedusingX-ray pair distribution function analysis,
differentialscanningcalorimetry,andscanningelectronmicroscopy.Itwasfoundthattheorganicadditivestransformedintoporosityduring
firing.Themorphologyoftheporesalsocorrespondedtothemorphologyoftheorganicadditives.Hence,theclayceramicwitha15-wt%
additionofbiocharhadaporosityof46vol%with20-μminterconnectedporesafterfiring.Theresultingaccumulatorwasfoundtocapture
cadmium(amodelforheavymetalswithhighvolatility)viacondensationofthecadmiumvaporas2-μmbeadsinthepores.Thecadmium
captureefficiencyreachedupto57%usinga15-wt%additionofbiochar.Furthermore,cadmiumwascapturedathighertemperaturesthan
thecondensationtemperatureintheatmosphere.Thismeansthatheavymetalsmaybecapturedbeforetheycondenseinflyashtopromotethe
recyclingof thismaterial.
Author keywords: Clay ceramic; Organic additives; Porosity; Heavy metals; Thermal conversion systems.
Introduction
Thermal conversion is an efficient way to recover energy from
municipal solid waste (MSW) and biomass. Energy stored in
MSW and biomass can be converted into heat and electricity by
the application of thermal conversion processes such as combustion
(McKendry 2002). Moreover, thermal conversion processes such as
gasification can convert energy stored in MSW and biomass into
fuel for transportation (Bridgwater 2003). Hence, energy harvested
from MSW and biomass conversion is an alternative route to the
current approach using fossil fuels, and therefore contributes to-
ward the objectives of reducing the impact of energy consumption
on the global environment (Garg et al. 2007; Steubing et al. 2012).
Nevertheless, the thermal conversion of MSW and biomass also
generates some potentially toxic emissions.
The potential toxicity of thermal conversion emissions depends
on the MSWand biomass composition (Wiedinmyer et al. 2014). In
fact, some conventional elements of MSW and biomass become
toxic when subjected to the thermal conversion temperatures of
800–1,000°C (Luo and Zhou 2012). Chlorine from MSW contrib-
utes to the formation of human carcinogenic substances such as
dioxins (Lavric et al. 2004). Sulfur and nitrogen elements from
biomass also transform into greenhouse gases [sulfur oxides (SOx),
nitrogen oxides (NOx)] that are partly responsible for climate
change (Williams et al. 2012). Nevertheless, such emissions are
well controlled using traditional air pollution control devices
(scrubbers) (Vehlow 2015).
The most concerning issue related to the emissions from thermal
conversion systems is the release of heavy metals. Exposure to
heavy metals may lead to reduced intellectual ability, kidney
disorder, or bone damage (Kampa and Castanas 2008). Hence,
environmental and legal standards require drastic control of heavy
metal emissions in thermal conversion systems (Pacyna et al.
2007). The control of heavy metal emissions depends on the
volatility of heavy metals. Heavy metals with low volatilities such
as iron (Fe) and copper (Cu) remain in the inorganic fraction of
MSW and biomass that is collected at the bottom of the furnace
(>70wt% of heavy metals with low volatilities remain in the
bottom ash) (Narodoslawsky and Obernberger 1996).
However, heavy metals with high volatilities such as mercury
(Hg) and cadmium (Cd) are vaporized in the thermal conversion
system (>90wt% of heavy metals with high volatilities are vapor-
ized) (Dong et al. 2015). The vaporization of such heavy metals is
promoted by the chemical heterogeneity of MSW and biomass.
For instance, the presence of chlorine reduces the vaporization tem-
perature of cadmium from 1,559°C in the form of oxide (CdO) to
568°C in the form of chloride (CdCl2) (Abanades et al. 2002). This
vapor released in the thermal conversion system is subjected to
condensation in the cooler sections. However, most of the vapor
condenses in the inorganic fraction of MSW and biomass that is
entrained in the flue gas (fly ash) (Levasseur et al. 2006).
Since most of the highly volatile heavy metals end up in the fly
ash, the capture of such heavy metals is largely completed by the fly
ash collection processes. The collection of fly ash is relatively well
controlled in thermal conversion systems using electrostatic precip-
itators or bag-house filters (Yang and Beltran 2000). However, the
contamination of fly ash limits the extent to which this material can
be recycled in road and concrete applications (Ferreira et al. 2003).
The conservation of highly volatile heavy metals in the bottom
ash can prevent the contamination of fly ash. It may be achieved
by injecting solid sorbents such as clays, aluminum oxides, or
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limestone in the furnaces (Chen et al. 2001). Nevertheless, the
utilization of inorganic sorbents also results in an extensive increase
of the total weight (and volume) of thermal conversion residues.
Porous ceramics are of interest for the capture of highly volatile
heavy metals. Such heavy metals can be captured by circulation
of the vapor through the porous material (Kemiha et al. 2014). Be-
cause of their thermal stability, up to 1,000°C (Carty and Senapati
1998), the porous ceramics can be inserted directly after the furnace
to capture heavy metals before they condense in fly ash. The heavy
metals can also be removed afterward by dissolution, using a
fluid circulating system. This means that the porous ceramics can
be reused to prevent an increase in the total amount of thermal
conversion residues. But, a high percentage of porosity with inter-
connected pores remains essential for such a capture process.
Therefore, the objective of this study was to investigate the struc-
ture of a clay ceramic with organic additives for the development of
highly porous accumulators to capture highly volatile heavy metals
in thermal conversion systems.
Materials and Methods
Raw Materials
The clay that was used in this study was extracted in the form of
lumps from a clay quarry (France). The lumps of clay were ground
into smaller lumps of approximately 3 mm using a rolling mill
(LA 1527, Vicentini, Vicenza, Italy). This operation was done to
promote the dispersion of the additives and increase the homo-
geneity (composition, water content) of the mixtures. The elemen-
tal composition of the clay was measured using X-ray fluorescence
analysis (Epsilon 3-XL, PANalytical, Almelo, Netherlands). The
clay was composed of silicon (57.1 wt%) and aluminum (14.5 wt%)
oxides, with smaller concentrations of calcium (8.9 wt%), iron
(6.2 wt%), potassium (3.0 wt%), and magnesium (2.2 wt%) oxides.
The organic additives that were used in this study consisted of
biomass and biochar. The biomass was produced by grinding
wood (red alder) with a knife mill (Pulverisette 15, Fritsch, Idar-
Oberstein, Germany). On the other hand, the biochar was produced
by the pyrolysis of the biomass. The pyrolysis was conducted at a
low temperature of 500°C to maximize the production of biochar.
At 500°C, the solid fraction (i.e., biochar) accounts for 10–25 wt%
in the products of the pyrolysis, while the gas fraction (synthetic
gas) accounts for 15–30 wt%, and the liquid fraction (bio-oil)
for approximately 50 wt% (Bridgwater 2012).
The elemental composition of the organic additives, measured
via CHONS (carbon, hydrogen, oxygen, nitrogen, sulfur) analysis
(Flash 2000, Thermo Fisher Scientific, Waltham, Massachusetts),
is given in Table 1. The results show that the organic additives are
composed of carbon, hydrogen, and oxygen. The concentration of
oxygen in the biochar is relatively low compared with that in the
biomass.
The particle size distribution of the organic additives was mea-
sured via laser granulometry analysis (Mastersizer 3000, Malvern
Instruments, Malvern, United Kingdom). The results of the laser
granulometry analyses are presented in Fig. 1. They show an aver-
age particle size of 60 μm for the biomass and a smaller average
particle size of 20 μm for the biochar.
Processing of the Clay Ceramic
The clay ceramic that was investigated in this study was produced
from different mixtures of clay with organic additives and water.
The mixtures were prepared in a kneading bowl by mixing clay
with 5, 10, or 15 wt% of organic additives (biomass or biochar).
The mixtures were kneaded for 5 min, with a gradual addition of
water up to 28 wt%. The mixtures were then extruded with a bench
extruder (Reber, Correggioverde di Dosolo, Italy) composed of a
pipe and a crank-activated piston. The mixtures were pushed into
the pipe and released across a die as clay blocks with dimensions
of 60× 30× 10mm3.
The clay blocks were subsequently dried at 25, 65, and 105°C
for 24 h at each temperature in an electrical oven (Memmert,
Schwabach, Germany). The samples were prepared from these
blocks using P80, P120, P180, and P280 SiC (silicon carbide)
papers (CarbiMet, Buehler, Uzwil, Switzerland). They were also
fired in an air atmosphere in an electrical furnace (Controller P320,
Nabertherm, Lilienthal, Germany) to produce the clay ceramic
samples. The clay ceramic samples that were used for X-ray
diffraction and X-ray pair distribution function analyses were fired
at 30, 500, and 1,000°C. The rest of the clay ceramic samples were
fired under the same conditions at 950°C.
Characterization of the Structure
The atomic structure of the clay ceramic was investigated using
X-ray diffraction (XRD) analysis. Each sample in powder form was
loaded into a 1-mm-diameter polyimide capillary, which was sealed
at both ends with modeling clay. The capillaries were aligned on
the capillary stage of the diffractometer (D8 Advance, Bruker,
Madison, Wisconsin) and tested while spinning. Data were col-
lected over a 2θ range of 2–130°, with a step size of 0.05° and
a count time per step of 30 s, using a silver (Ag) radiation source
(λ ¼ 0.56 Å). The crystalline phases were identified using the
Bruker EVA Suite software by matching ICDD (International
Centre for Diffraction Data) database files to the Bragg peaks
Table 1. Elemental composition of the organic additives with the
concentrations in carbon, hydrogen, oxygen, nitrogen, and sulfur elements
Sample
Concentration (wt%)
C H O N S
Biomass 49.5 6.8 42.4 0.2 0.0
Biochar 84.9 4.0 9.8 0.5 0.0
Fig. 1. Particle size distribution of the biomass and biochar.
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Data were then used to produce the X-ray pair distribution func-
tions (PDFs) of the clay ceramic. The background was removed
using the scattering from an empty capillary. The sine Fourier trans-
form [Eq. (1)] was applied to the total scattering functions SðQÞ
using the PDFgetX2 software (Qiu et al. 2004). The pair distribu-
tion functions of the clay ceramic were all obtained using a
maximum momentum transfer Qmax of 15 Å
−1.
The weight loss of the clay ceramic was measured as a func-
tion of the temperature via thermogravimetric analysis (TGA). The
unfired samples were analyzed using 200-mg cylinders in a Q600
apparatus (TA Instruments, New Castle, Delaware). The data were
collected in an air atmosphere at temperatures from 30 to 1,000°C.
The temperature was increased using a heating rate of 5°C=min.
The percentage of organic additives was then estimated by sub-
tracting out the weight loss of the clay ceramic without organic
additives.
The deformation of the clay ceramic was measured as a function
of the temperature via thermomechanical analysis (TMA). The un-
fired samples were analyzed using 200-mg cylinders in a Setsys
16/18 instrument (Setaram, Caluire, France). The data were collected
in an air atmosphere at temperatures from 30 to 1,000°C. The temper-
ature was increased using a heating rate of 5°C=min. The TGA and
TMA analyses were performed under the same conditions to pro-
vide accurate estimates of the bulk density (Baillez and Nzihou
2004). The bulk density [ρðTÞ] was estimated from Eq. (2), using
the measured weight loss, shrinkage, initial mass (m0), initial length
(l0), and initial radius (ro) of the samples. This gives the following:
ρðTÞ ¼
m0ð1-Weight LossðTÞÞ
πr20l0ð1-ShrinkageðTÞÞ3
ð2Þ
The porosity of the clay ceramic [εðTÞ] was determined as a
function of the temperature using Eq. (3), where ρðTÞ is the bulk
density and ρTrue is the true density. The true density was measured
via helium pycnometry analysis (Accupyc 1330, Micromeritics,
Norcross, Georgia). The measurements of the true density
(i.e., without porosity) were carried out after firing at the maximum
temperature of 1,000°C and grinding of the samples to eliminate the
porosity. The value was equivalent to 2.56 g=cm3 for both the clay
ceramic and the clay ceramic with organic additives since no
residual organic additives remained after the previous operation.
Therefore, the true density of the clay ceramic with organic addi-
tives at temperatures under 600°C was obtained using the measured
value of the true density of the clay ceramic along with the mea-
sured value of the true density of the organic additives and the
estimates of the percentage of organic additives
εðTÞ ¼ 1 − ρðTÞρTrue ð3Þ
The morphology of the newly formed pores in the clay ceramic
was observed by scanning electron microscopy (SEM) using a
Philips XL30 apparatus (Amsterdam, Netherlands). The samples
were embedded in a solidifying epoxy resin and polished before
imaging. The imaging was performed under back-scattered imaging
(BSI) conditions, using an acceleration voltage of 20 kV and a
vacuum of 0.3 Torr, at a working distance of approximately 8.5 mm.
Capture of Cadmium
The capture experiments were conducted using cadmium as a
model for heavy metals with high volatility. Typically, they were
performed in a horizontal reactor. It consisted of an alumina tube
(length: 1 m; diameter: 20 mm) that was integrated in an electrical
furnace (Aubry-Reverdy, Chassant, France). The accumulator was
mounted on a sample holder (length: 25 mm; diameter: 10 mm) at
one end of the tube. The reactor was then heated to a temperature of
650°C, which was above the melting point of the cadmium source
(CdCl2: cadmium chloride) at 568°C (Lide 2009). After reaching
this temperature, a crucible with 100 mg of CdCl2was introduced
into the tube from its other end. The tube was maintained at 650°C
for 2 h, with an air flow of 1 L=min to transport the vapor toward
the accumulator. Following the experiment, the accumulator was
immersed in a beaker with 100 mL of distilled water. The beaker
was then placed in an ultrasonic bath to promote the dissolution of
the cadmium that was captured by the accumulator in water.
The cadmium capture efficiency of the clay ceramic was mea-
sured using inductively coupled plasma atomic emission spectros-
copy (ICP-AES) analysis. The solution collected from the clay
ceramic was analyzed using an Ultima 2 apparatus (Horiba, Kyoto,
Japan). The cadmium concentrations obtained from ICP analyses
were multiplied by the volume of the solution to determine the
weight of cadmium captured in the clay ceramic. Finally, the effi-
ciency of the clay ceramic was calculated as the ratio of the weight
of cadmium captured by the clay ceramic to that of cadmium
introduced into the reactor.
The mechanism of cadmium capture at high temperature was
elucidated by SEM. The imaging of the cadmium particles was
performed on a cross section of the clay ceramic accumulator under
BSI conditions. The micrographs were obtained using an acceler-
ation voltage of 8 kV and a vacuum of 0.2 Torr, at a working
distance of 8.5 mm. The chemical form of the cadmium particles
was also determined using energy-dispersive spectroscopy (EDS)
analysis.
Determination of the Mechanical Properties
The mechanical properties of the clay ceramic were measured via
three-point bending. The measurements were performed using an
Instron 8548 microtester (Instron, Norwood, Massachusetts) with
a 50-mm load span and a 500-N load cell. The specimens of
60× 10× 5 mm3 were loaded at a constant displacement rate of
1 mm=min until the onset of the fracture. The mechanical strength
was estimated from Eq. (4):
σ f ¼ 3FMaxL
2BH2
ð4Þ
where σ f = the mechanical strength under a flexural loading;
FMax = the maximum force, L = the loading span, B = the breadth;
and H = the height of the specimen (ASTM 2010).
Results and Discussion
Minerals
The X-ray diffraction (XRD) patterns obtained after exposure of the
clay ceramic with a 15-wt% addition of biochar to various temper-
atures (30, 500, and 1,000°C) are shown in Fig. 2. After exposure to
a temperature of 30°C, the clay ceramic is seen to be composed of
clay minerals. The clay minerals are illite [KAl3Si3O10ðOHÞ2],
with a diffraction peak at 3.2°, and kaolinite [Al2Si2O5ðOHÞ4], with
a diffraction peak at 4.4°. The unfired clay ceramic also contains
calcium carbonate, with the peak at 10.6°, indicating the presence
of calcite (CaCO3). Mica, quartz, and feldspar are also present in
the unfired clay ceramic, as can be seen by the peaks at 7.2, 7.6, and
8.6°, respectively. No diffraction peaks indicative of the biochar
are observed in the XRD pattern of the clay ceramic since biochar
is an amorphous material.
The XRD pattern obtained after exposure of the clay ceramic to
500°C shows that the clay minerals have been modified to a certain
degree. The diffraction peaks of kaolinite (e.g., at 4.4°) are elim-
inated in the XRD pattern of the clay ceramic due to dehydroxy-
lation (Aras 2004). In fact, the removal of hydroxyl groups induces
a development of strained and buckled layers with a transition from
VI-coordinated aluminum atoms in kaolinite to V-, IV-, and
III-coordinated aluminum atoms in metakaolin (Al2Si2O7) (White
et al. 2010). In contrast to kaolinite, illite conserves its diffraction
peaks (e.g., at 3.2°) after exposure to 500°C. The diffraction peaks
of illite are conserved by relocation of oxygen atoms between
the tetrahedral and octahedral sheets (Gualtieri and Ferrari 2006).
This involves a transition from VI-coordinated aluminum atoms
in illite to IV-coordinated aluminum atoms in anhydrous illite
(KAl3Si3O11) (Fernandez et al. 2011).
After exposure to 1,000°C, the temperature-sensitive minerals
are transformed into stable ceramic phases. The XRD patterns show
that anhydrous illite and calcite, with diffraction peaks at 3.2 and
10.6°, combine into gehlenite (Ca2Al2SiO7), with the formation of
a diffraction peak at 11.2° (Peters and Iberg 1978). At the depletion
of anhydrous illite, calcite also combines with some amorphous
silica to form wollastonite (CaSiO3) (Cultrone et al. 2001). The
diffraction peaks of wollastonite (e.g., at 14.7°) are visible in the
XRD pattern obtained after exposure to 1,000°C. The XRD pattern
also shows the recrystallization of metakaolin into an Al/Si spinel
phase (Al4Si3O12) with the formation of a diffraction peak at 15.9°
(Sonuparlak et al. 1987). Finally, the diffraction peaks of mica,
quartz, and feldspar remain at 7.2, 7.6, and 8.6°, respectively,
due to the thermal stability of these minerals.
Interatomic Distances
The pair distribution functions (PDFs) obtained after exposure of
the clay ceramic with a 15-wt% addition of biochar to different
temperatures (30, 500, and 1,000°C) are shown in Fig. 3. The
atom-atom correlations confirm that the clay ceramic is composed
mainly of clay minerals after exposure to the temperature of 30°C.
The tetrahedral sheets of kaolinite and illite are represented by the
Si-O correlation at 1.50 Å, along with the larger atom-atom distan-
ces at 4.25 and 7.44 Å (Morandeau andWhite 2015). Moreover, the
Al-O bonds of the octahedral sheets are represented by the peaks at
1.91, 3.71, and 9.11 Å. The distances between the silicon and
aluminum atoms (Si-Al) of kaolinite and illite are also visible in
the PDF curve of the clay ceramic at 3.11, 5.23, and 8.10 Å. Finally,
the presence of biochar is confirmed by the C-C correlation of the
aromatic cycles at 2.57 Å (Petkov et al. 2013). The main C-C
correlation of the aromatic cycles (i.e., at 1.43 Å) contributes to
the Si-O correlation at 1.50 Å.
The PDF curve obtained after exposure to 500°C shows some
changes in the intensity of the atom-atom correlations. In fact, the
intensities of the peaks at 1.91, 3.71, and 9.11 Å decrease as a result
of the transition from VI-coordinated aluminum atoms in kaolinite
and illite to mainly IV-coordinated aluminum in metakaolin and
anhydrous illite. This formation of tetrahedrally coordinated alumi-
num sites also results in an increase in the intensity of the original
Si-O correlations at 1.50, 4.25, and 7.44 Å. Concurrent to the
changes in the intensity of the Al-O and Si-O correlations, the in-
tensity of the C-C correlation at 2.57 Å decreases due to thermal
degradation of the biochar (Jindo et al. 2014). Carbon-containing
atom-atom distances do not increase or decrease by exposure of the
clay ceramic to 500°C. This means that no interaction occurs be-
tween the clay minerals and the biochar. In fact, the biochar is elim-
inated on the macroscopic scale of the clay ceramic by 500°C with
no modification in the atomic rearrangements of the clay minerals.
After exposure to 1,000°C, the atom-atom distances attributed to
the clay minerals have disappeared and new correlations indicative
of the ceramic phases are present. The transformation of the Al-Si
correlation at 8.10 Å into a Ca-Al correlation at 8.54 Å corresponds
to the combination of aluminum atoms from the initial octahedral
sheets of illite with calcium atoms from calcite to form gehlenite.
The PDF curve also shows the combination between the silicon
atoms from the initial tetrahedral sheets of illite and the remaining
calcium atoms into wollastonite with a transformation of the Al-Si
correlation at 5.23 Å into a Ca-Si correlation at 4.88 Å. The
formation of gehlenite and wollastonite after exposure of the clay
Fig. 2. X-ray diffraction patterns of the clay ceramic with a 15-wt%
addition of biochar after exposure to 30, 500, and 1,000°C in an air
atmosphere.
Fig. 3. X-ray pair distribution function curves of the clay ceramic with
a 15-wt% addition of biochar after exposure to 30, 500, and 1,000°C in
an air atmosphere.
ceramic to 1,000°C occurs via limited rearrangement of the silicon
and aluminum atoms due to similar atom-atom distances between
the clay minerals and calcium alumino-silicates. Furthermore, it
does not appear that this transformation is affected by the thermal
degradation of the biochar since no carbon-containing correlations
emerge during firing.
Percentage of Organic Additives
The dependence of the percentage of organic additives on the firing
temperature of the clay ceramic is presented in Fig. 4. The results
show that the organic additives are subjected to thermal degradation
in the clay ceramic via combustion of their organic fraction in the
air atmosphere (Yi et al. 2013). This transformation of the organic
fraction into H2O and CO2 results in the full elimination of the
organic additives due to the pure organic nature of the biomass
and biochar.
The biomass is subjected to combustion in the clay ceramic
at temperatures between 250 and 450°C. Hence, the clay ceramic
with a biomass addition does not contain any residual biomass after
firing at 950°C. The combustion of the biochar occurs at higher
temperatures between 500 and 600°C, since the biochar is produced
by the pyrolysis of the biomass at 500°C. Nevertheless, the clay
ceramic with a biochar addition does not contain any residual
biochar after firing at 950°C.
Percentage of Porosity
The dependence of the percentage of porosity on the firing temper-
ature of the clay ceramic is shown in Fig. 5. The clay ceramic with-
out organic additives has a porosity of 23 vol% prior to the firing
process (i.e., at 30°C). This is from the air remaining in the mixture
becoming trapped in the clay ceramic during the extrusion process.
The evaporation of the mixing water during the drying process also
contributes to the 23-vol% of porosity seen in Fig. 5.
The dehydration of the clay ceramic induces a 2-vol% increase
in porosity at temperatures between 30 and 200°C. The porosity is
also affected by the dehydroxylation of the clay minerals between
450 and 600°C, which lead to an additional increase of 2 vol%.
The decomposition of the calcium carbonate results in a 3-vol%
increase in porosity from 650 to 850°C. However, the porosity
decreases by 4 vol% during the sintering stage at temperatures
between 850 and 950°C. Hence, the clay ceramic has a porosity
of 26 vol% after the firing process at 950°C.
The addition of organic additives such as biomass and biochar
results in an increase of the total amount of porosity during the
firing process in comparison to the neat clay ceramic. The addi-
tional porosity formation occurs at temperatures between 250°C
and 600°C and is associated with the thermal degradation of the
organic additives. This porosity formed by the combustion of
the biomass or biochar is conserved during the sintering stage
of the clay ceramic at temperatures up to 950°C.
The combustion of the biomass induces a 19-vol% formation of
porosity for the case of a 15-wt% addition of biomass. Therefore,
the clay ceramic with a 15-wt% addition of biomass has a porosity
of 45 vol% after firing at 950°C. The biochar, which has a lower
density than the biomass, results in a larger formation of porosity
(20 vol%) for a similar addition of 15 wt%. Hence, the clay ceramic
with a 15-wt% addition of biochar has a slightly higher porosity of
46 vol% after the firing process at 950°C.
Morphology of Pores
The SEM micrographs obtained after firing of the clay ceramic at
950°C are presented in Fig. 6. The clay ceramic without organic
additives has a clay morphology with spherical pores of 10 μm.
These pores correspond to air that is trapped in the clay ceramic
during the extrusion process. This results in the presence of isolated
pores in the material with low interconnectivity. It is important
to note that the clay ceramic without organic additives also contains
decohesions around the 50-μm particles of quartz. These are
attributed to the large shrinkage of quartz compared with that of
the clay particles during the β → α quartz inversion on cooling
(Tarvornpanich et al. 2008).
The clay ceramic with organic additives contains the same
10-μm pores that are found in the neat clay ceramic. The newly
formed pores associated with the combustion of the organic addi-
tives are also visible in the SEM micrographs, where it is seen that
these pores have a morphology equivalent to that of the organic
additives particles. The clay ceramic with a 15-wt% addition of
Fig. 4. Dependence of the percentage of organic additives on the firing
temperature of the clay ceramic with a 5-, 10-, and 15-wt% addition of
biomass and biochar in an air atmosphere.
Fig. 5.Dependence of the percentage of porosity on the firing tempera-
ture of the clay ceramic and of the clay ceramic with a 5-, 10-, and
15-wt% addition of biomass and biochar in an air atmosphere.
biomass has isolated pores with diameters of 60 μm. On the other
hand, the clay ceramic with a 15-wt% addition of biochar has
20-μm pores with a higher degree of interconnectivity. It is impor-
tant to note that these newly formed pores of 20 μm are minor
defects in the clay ceramic compared with the decohesions around
the quartz particles.
Efficiency of Cadmium Capture
The dependence of the cadmium capture efficiency of the clay
ceramic on the amount of organic additives is presented in Fig. 7.
The clay ceramic without organic additives has a cadmium capture
efficiency of 27% after firing at 950°C. This value is associated
with the percentage of porosity (i.e., 26 vol%).
As mentioned previously, the addition of organic additives,
such as biomass and biochar, increases the percentage of porosity.
Hence, the cadmium capture efficiency of the clay ceramic in-
creases with the percentage of organic additives because of the
porosity increase. For a same level of porosity, the clay ceramics
with a biochar addition have yet a greater efficiency than the
clay ceramics with a biomass addition. This is attributed to the dif-
ferences in the size of the pores resulting from the combustion of
the biomass or biochar. In fact, the addition of biochar with small
particles results in the formation of small pores that tend to be
interconnected.
The 19-vol% increase of the porosity results in a 27% increase
of the cadmium capture efficiency using a 15-wt% addition of
biomass. Hence, the clay ceramic with a 15-wt% addition of bio-
mass has a cadmium capture efficiency of 54%. On the other hand,
the 20-vol% increase of the porosity that results from the 15-wt%
addition of biochar increases the capture efficiency by 30%. This
means that the capture efficiency of the clay ceramic with a 15-wt%
addition of biochar reaches 57%. A greater addition of biochar
would result in a greater formation of interconnected pores and
in a greater efficiency of the accumulators in the capture of
cadmium. However, the greater volume of pores would also lead
to an excessive loss in the mechanical strength.
Mechanism of Cadmium Capture
The SEM micrographs obtained after the cadmium capture experi-
ment at 650°C in the clay ceramic with a 15-wt% addition of
biomass are presented in Fig. 8. The pores resulting from the bio-
mass combustion contain white particles of cadmium in the form of
beads. The morphology of these particles indicates a capture
mechanism of condensation (Buckle and Pointon 1975). In fact,
the cadmium vapor condenses at this temperature (650°C) because
of the confining pressure in the pores (Grosman and Ortega 2008).
This means that cadmium is captured by the clay ceramic at a
higher temperature than the condensation temperature of cadmium
(568°C) in the atmosphere (Jiao et al. 2011).
The condensation of the cadmium vapor results in the formation
of 2-μm beads. Hence, the cadmium vapor condenses equally in
the pores resulting from the combustion of biomass or biochar
since both types of pores have dimensions larger than that of
Fig. 6. SEM micrographs of (a) the clay ceramic and the clay ceramic
with a 15-wt% addition of (b) biomass and (c) biochar after firing at
950°C in an air atmosphere.
Fig. 7. Dependence of the cadmium capture efficiency of the clay
ceramic on the percentage of organic additives.
the cadmium beads. This means that the difference between the
cadmium capture efficiency of the clay ceramic with large pores,
resulting from the combustion of the biomass, and that of the clay
ceramic with small pores, resulting from the combustion of the bio-
char, is not from differences in the mechanism of cadmium capture.
Instead, the difference observed earlier arises from the fact that the
small pores tend to be interconnected, which gives the cadmium
vapor access to a greater volume of porosity in which it can con-
dense. These results indicate that the cadmium capture efficiency of
the clay ceramic accumulator depends on the percentage of porosity
and the interconnectivity of the pores (permeability).
Chemical Form of Cadmium
The X-ray spectroscopy patterns of the surrounding and central
area of a cadmium-loaded pore are presented in Fig. 9. The sur-
rounding area is composed of silicon, aluminum, and oxygen with
smaller concentrations of calcium, potassium, and magnesium.
Therefore, it consists of fired clay. No cadmium adsorption on
the clay can be observed from the X-ray spectroscopy pattern of
the surrounding area. This means that the composition of the clay
ceramic accumulator has no effect on the cadmium capture. In fact,
all of the cadmium is captured by condensation in the pores. The
central area of the cadmium-loaded pore is composed of the same
elements that make up the surrounding area, due to the proximity of
clay, together with cadmium and chlorine. The intensity of the cad-
mium peak is two times smaller than that of chlorine. This means
that cadmium is captured by the clay ceramic accumulator at high
temperatures in the form of cadmium chloride (CdCl2), which is the
same form as the cadmium source.
Mechanical Strength
The dependence of the mechanical strength of the clay ceramic
on the percentage of organic additives is shown in Fig. 10. The
clay ceramic without organic additives has an average mechanical
strength of 21.6 MPa after firing at 950°C. This value represents a
combination between the bonding of the clay particles and the pres-
ence of major defects, such as the 50-μm decohesions around the
quartz particles.
The addition of organic additives in the clay ceramic induces a
decrease in the mechanical strength. However, the extent of the de-
crease depends on the particle sizes of the organic additives. The
organic additives with large particles (i.e., biomass) lead to the for-
mation of large pores compared to the decohesions around the
quartz particles. Such pores act as crack nucleation sites, which
results in a loss of the mechanical strength. On the other hand,
the organic additives with small particles (i.e., biochar) induce a
formation of pores with small dimensions compared to the other
Fig. 8. SEM micrographs of (a) the clay ceramic with a 15-wt%
addition of biomass after the cadmium capture experiment; and
(b) the cadmium beads in the newly formed pores of the clay ceramic
with a 15-wt% addition of biomass.
Fig. 9. X-ray spectroscopy patterns of the surrounding area and
of the central area of a cadmium-loaded pore of the clay ceramic with
a 15-wt% addition of biomass.
Fig. 10. Dependence of the mechanical strength of the clay ceramic on
the percentage of organic additives.
defects of the structure that results in a minor loss of the mechanical
strength.
The mechanical strength of the clay ceramic decreases by 40%
in the case of a 15-wt% addition of biomass that produces large
pores of 60 μm. On the other hand, the 15-wt% addition of biochar
only causes a 20% decrease in the mechanical strength as a result of
the formation of small 20-μm pores. This means that the clay
ceramic conserves a high mechanical strength of 17.2 MPa for a
15-wt% addition of biochar.
Implications
The implications of this research are relevant for the use of porous
ceramics in capturing heavy metals. The capture of heavy metals by
the collection of fly ash is well controlled in thermal conversion
systems. Nevertheless, the contamination of fly ash limits the extent
to which this material can be recycled in road and concrete
applications.
This work shows that heavy metals can be captured before the
contamination of fly ash via circulation of the vapor through porous
ceramics inserted directly after the furnace. In fact, the heavy met-
als are captured by condensation of their vapor in the pores at
higher temperatures than the condensation temperature of the heavy
metals in the atmosphere as a result of the internal pressure. The
capture efficiency of such a clay ceramic reaches up to 57% in this
study, using biochar as a pore-forming agent. Moreover, the clay
ceramics are seen to be particularly well suited for this application
in thermal conversion systems with a mechanical strength of
17.2 MPa.
In such a process, the capture is achieved regardless of the
chemical form of the source of heavy metals, since the elements
split up at the working temperature. Furthermore, the heavy metals
are not subjected to any adsorption in the clay. This means that
heavy metals that condense in the pores can be removed by disso-
lution using a fluid circulating system. In this way, the clay ceram-
ics may be reused after the removal of the heavy metals to prevent
any increase in the total amount of thermal conversion residues.
Conclusions
In this paper, a clay ceramic with organic additives (biomass and
biochar) was investigated for the development of highly porous
accumulators to capture heavy metals in thermal conversion systems.
Salient conclusions arising from this study are summarized below:
1. The firing process induced a combination of the temperature-
sensitive minerals at the atomic scale. On the other hand, the
organic additives combusted on the macroscopic scale of
the clay ceramic. It was found that the combination of the clay
minerals and calcite into calcium alumino-silicates was not
affected by the combustion of the organic additives.
2. The organic additives transformed into H2O and CO2, whose
release increased the porosity of the clay ceramic. The morphol-
ogy of the pores was equivalent to that of the organic additives.
Furthermore, the small pores had a greater interconnectivity
than the large pores.
3. Cadmium was captured by condensation of the vapor as 2-μm
beads in the pores. The cadmium capture efficiency of the
clay ceramic accumulator was seen to vary as a function of the
percentage of porosity, and the accumulator had a higher effi-
ciency with small pores that enhanced the access of cadmium
vapor to a greater volume of porosity.
4. The cadmium capture was achieved at higher temperatures than
the condensation temperature of cadmium in the atmosphere.
This suggests that cadmium vapor can be captured before it
condenses in fly ash of thermal conversion systems. Moreover,
the accumulators can be reused to prevent any increase in the
total amount of thermal conversion residues.
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